Enhancing the ventilation performance of energy-efficient buildings with single-sided openings is important because their ventilation performance is poor and strongly depends on the wind conditions. We considered an overhang as a potential building façade for improving the single-sided ventilation performance. We performed numerical simulations of three-dimensional unsteady turbulent flows over an idealized building with an overhang in order to investigate the effect of the overhang on the ventilation performance. Parametric studies were systematically carried out where the overhang length, wind speed, and wind direction were varied. The numerical results showed that the overhang drastically enhanced the ventilation rate in the windward direction regardless of the wind speed. This is because, for windward cases, the overhang produces a vortex with strong flow separation near the tip of the overhang, which promotes a net airflow exchange at the entrance and increases the ventilation rate. However, the ventilation rates for the leeward and side cases are slightly decreased with the overhang. Using an overhang with single-sided ventilation greatly reduces the local mean age of air (LMA) in the windward direction but increases it in the leeward direction.
Introduction
Ventilation promotes an airflow exchange in indoor environments and is important for providing better indoor air quality and thermal comfort. Natural ventilation is an eco-friendly method for providing fresh air, but its performance heavily depends on outdoor environmental factors such as the wind conditions and building shape, including openings and windows [1] . Cross ventilation may be the most effective natural ventilation technique, in which two open surfaces are aligned with the wind direction. However, single-sided open surfaces (e.g., the entrance door), which are frequently encountered in commercial buildings may cause a poor ventilation performance. According to Jiang et al. [2] , the ventilation performance of single-sided ventilation is 1/20 that of cross ventilation. The poor ventilation rate of single-sided ventilation buildings causes indoor air quality problems; hence, additional energy is needed to run the mechanical ventilation system [3, 4] . Thus, enhancing the ventilation performance is important to achieve energy-efficient commercial building clusters with single-sided openings.
Many researchers have utilized the aerodynamic potential of building façades to investigate their enhancement effect on indoor and outdoor airflow exchanges for both cross and single-sided ventilation buildings [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Typical building façades include a venturi-shaped roof [13] , wind catchers [9, [14] [15] [16] , a ventilation shaft [17] , wing walls [8] , a balcony [7, 10, 11, 18] , and eaves [5, 6, 21] . Prajosan and Sharples [17] proposed a ventilation shaft system to increase the indoor air velocity and thermal comfort in a single-sided residential unit. They demonstrated that the shaft provides wind-induced cross ventilation that results in a relatively high indoor air velocities. Mak et al. [8] numerically investigated the effect of wing walls on a single-sided building having two lateral openings comprising one-third of the total width of the wall and vertical projections (wing walls) having a depth equal to or double of the opening width. They reported that the wing walls promote natural ventilation by significantly increasing the air change per hour and the mean indoor air speed; the wing walls performed best at a wind angle of 45 • .
Chand et al. [7] performed wind tunnel experiments to study the effect of balconies on the ventilative force in low-rise buildings without an opening. The balconies altered the wind pressure distribution on windward wall but did not significantly change it on the leeward side. Montazeri and Blocken [18] found that strong changes in the wind pressure distribution are associated with multiple areas of flow separation, recirculation, and reattachment near the building in the windward direction due to the balconies. Ai et al. [10] numerically investigated the effect of balconies on the ventilation performance based on the mass flow rate and average velocity in multi-storey buildings with openings. They found that, under single-sided ventilation conditions, the mass flow rate is significantly increased with the provision of balconies for all rooms on the leeward side but only for rooms on the ground, first, and top floors on the windward side. However, balconies under cross ventilation conditions do not change the mass flow rate except for rooms on the top floor. Recently, Perén et al. [21] studied the effects of windward and leeward eaves on cross ventilation flows in a generic isolated leeward sawtooth roof building. They found that windward eaves with a positive inclination angle compared to the roof inclination increase the ventilation volume flow rate compared to the case without eaves, while leeward eaves have a smaller influence on the flow rate than the windward eaves.
Shading devices (or overhang) can be considered as a potential building façade for improving the ventilation performance. The overhang is a large plate installed on the entrance and was originally intended for blocking solar radiation [22] . Based on previous studies of balconies [18] and eves [21] , an overhang may change the wind pressure distributions on opening areas due to flow separation near the overhang; this can disturb the incoming air flow and increase the ventilation force. The interaction between the wind flow and the overhang-induced flow may be critical to determining the ventilation performance under single-sided ventilation conditions. Therefore, a precise assessment on the effect of the overhang on ventilation performance that considers the shape of the overhang and the wind direction is required.
The objective of this study was to investigate the effect of an overhang on the single-sided ventilation performance. We considered a generic isolated building model with an opening for the entrance and an overhang installed above the entrance. Numerical simulations were performed based on a three-dimensional unsteady Reynolds-averaged Navier-Stokes (URANS) model. We predicted the ventilation rates for the single-sided ventilation building with and without the overhang under different wind conditions. Parametric studies were systematically performed to characterize the ventilation performance in terms of the overhang length, wind speed, and wind direction. We examined changes in the flow fields near the entrance region due to the overhang in order to clarify the influence of the overhang on the ventilation. The effect of the overhang on the local mean age of air (LMA) was also investigated to evaluate the single-sided ventilation performance.
Numerical Methods

Computational Geometry
We considered a generic isolated building model with an overhang for the computational analysis of wind-induced single-sided ventilation. Figure 1 shows a schematic of the computation domain with the idealized building model, which is similar to that in [2] . The computational domain has dimensions of 12H × 9H × 4H, where H represents the fixed height of the cube-shaped building model. For the ventilation study with the overhang, the height of the building model was set to 5 m. The corresponding computational domain is large enough that it does not affect the flow near the building. The building has an overhang with the variable length (L), and an open region with the dimensions of H/3 × H/2 and located at the center of the building, as shown in Figure 1b 
Boundary Conditions
At the inlet of the domain, the wind-velocity profile can be defined based on the logarithmic law:
where z is the height from the bottom wall, U 0 is the friction velocity in the atmospheric boundary layer, z 0 is the roughness parameter, and κ = 0.41 is the von Karman constant. Note that, for the validation discussed in Section 2.4, we used U 0 = 1.068 m/s and z 0 = 0.005 m, which are the same as those used in [23] . In contrast, U 0 was varied from the reference wind speed in the ventilation study with the overhang discussed in Section 3. Other velocity components at the inlet were set to zero. At the inlet, the turbulent kinetic energy k and specific dissipation ω were defined as k = 1.5U 2 I 2 and ω = ρk/µ t , respectively [24] . Note that I denotes the turbulent intensity, µ t is the turbulent viscosity and ρ is the density of air. In this study, we assumed that I = 0.1 and µ t /µ = 10, where µ is the dynamic viscosity of air. No-slip boundary conditions were used at the bottom wall and on the building walls, while the extrapolated boundary conditions [24] for all variables were used at the outlet, and symmetric boundary conditions were applied at other boundaries.
Numerical Procedure
The 3D URANS equations were solved by using STAR-CCM+ 8.02, which is a commercial software for computational fluid dynamics (CFD) [24] . Although the flow fields near a building or building façade vary with turbulent models, the ventilation flow rate may not be sensitive to the choice of turbulence model [15, 25, 26] . Recently, Ramponi and Blocken [26] reported that the k − ω shear-stress transport (SST) model provides the best performance for predicting the internal wind profiles in the cross ventilation. Thus, we considered the SST k − ω model for turbulence closure, which is commonly used in natural ventilation simulations [26] . It is known that the SST k − ω model can be improved with a blending function that includes wall distance functions so that the model includes the cross-diffusion term far from walls but not near the wall [27] . This approach effectively blends the k − ε model in the far-field with the k − ω model near the wall [24] . We used a two-layer model for near-wall treatment. The SST k − ω model automatically switches from the low-Reynolds model to standard wall functions near the wall depending on the mesh resolution. The semi-implicit method for pressure linked equations (SIMPLE) algorithm was used for the pressure-velocity coupling. The convection and diffusion terms in the governing equations were discretized based on a second-order upwind scheme, while the second-order backward differentiation formula (BDF2) was used for time advancement. All numerical simulations were performed with an unstructured hexahedral grid in Cartesian coordinates, as shown in Figure 2a . A steady solution from the Reynolds-averaged Navier-Stokes (RANS) simulation for each case was used for the initial condition for the URANS simulation. Based on the sensitivity analysis given in Section 2.4, we used a grid of 420,000 cells for all cases described in Section 3, where the size of the smallest control volumes close to the walls and the ground was 0.005 m. For the time-step dependency check, we used three time steps in the unsteady calculations: 0.025 s, 0.25 s, and 1 s. Based on the results, a time step of 0.25 s was chosen because the difference in the ventilation rates with 0.25 s and 0.025 s was lower than 1%. All of the simulation cases were calculated until the residual fell below 10 −5 in each time step.
Numerical Validations
To verify the reliability of the turbulence model, the calculated velocity profiles at five different locations were compared with the measurement results of a small-scale experiment for single-sided ventilation of the idealized building [2] . Figure 1c shows the measurement positions for the comparison. We considered the same flow configuration as that in [2] , where the height of the building was 0.25 m and the height and width of the opening region were 0.125 m and 0.084 m, respectively. The reference velocity U R at z = 0.25 m was 12 m/s. Two flow configurations in which the building entrance was on the windward or leeward direction were considered. Figure 3 shows that the present velocity profiles at the first three measurement positions (x 1 , x 2 , x 3 ) agreed fairly well with the measured data for both the windward and leeward cases. At further downstream locations (x 4 , x 5 ), the measured velocity above the building roof was underestimated for the windward case and overestimated for the leeward case. This discrepancy was also reported in [23] and may be related to the inaccuracy of RANS models in the separation region above and behind the building. In addition, the discrepancy may have been caused by the turbulence intensity at the inlet region: a decreased turbulent kinetic energy at the inflow region results in a longer reattachment length above the building and larger recirculation region in the wake [28] . However, the velocity profiles inside the building and near the open region showed good agreement with the measurement data [2] . We also performed a grid-sensitivity analysis based on three grids of 100,000 (coarse), 420,000 (medium), and 1,700,000 (fine) cells. Note that for the medium grid (420,000 cells), the y+ values at the first-off cells near the wall boundaries were in between 2 and 80 in all simulations. The results indicated that the medium grid provided nearly grid-independent results. Thus, the medium grid (420,000 cells) was used for the ventilation performance analysis, which is described in Section 3. 
Results and Discussion
We performed 45 simulations using different values for the parameters of the wind speed, wind direction, and overhang length to evaluate the effect of the overhang on the single-sided ventilation performance. Three different building configurations relative to the wind directions were considered: windward, leeward, and side directions. We also considered three different reference wind speeds (U R ) of 1 m/s, 3 m/s, and 5 m/s, and different ratios of the overhang length and opening height (L/D) of 0, 0.2, 0.4, 0.6, and 0.8.
Effect of Overhang on Ventilation Rates
To assess the ventilation performance due to the overhang, the time-averaged ventilation rate Q was defined as:
where T is the time-averaging period, T 0 denotes the transient time, and Q is the instantaneous ventilation rate at the entrance opening. The last is calculated by the integrating the normal velocity to the entrance region over the opening area as follows [1] :
where U d is the velocity normal to the entrance surface of the building and A is the area of the building entrance (horizontal length = H/3 and vertical length = H/2). In this study, the transient time T 0 was considered as 400 s, which is equivalent to more than seven flow-through time over the computational domain at the lowest wind speed (U R = 1 m/s). The ventilation rate Q was obtained with T = 400 s, which implies that Q is determined by integrating Q over at least ten flow-through time after the flow field reaches a quasi-steady state. Figure 4 shows the time histories of ventilation rates for two representative cases; a single-sided windward building without an overhang and with an overhang at L/D = 0.8, where the maximum ventilation rate with the overhang is achieved at the reference velocity U R = 1 m/s. Although the URANS model was used for the simulation, the case without the overhang was found to have a constant ventilation rate (Q = 0.115 m 3 /s) over time. However, the ventilation rate of the building with the overhang greatly fluctuated with time. After the transient time t ≥ 400 s, the ventilation rate showed a quasi-steady fluctuating pattern. The time-averaged ventilation rate was Q = 0.401 m 3 /s, and the dominant period was 31 s. Figure 4b is an enlarged graph of Figure 4a for t = 915-955 s. It indicates a quasi-periodic pattern of the ventilation rate. Because the vortex that formed near the edge of the overhang induced strong velocity fluctuations at the entrance, the unsteadiness of the flow fields was increased, which led to apparent fluctuations in the ventilation rates. Details on the unsteady flow patterns are discussed in Section 3.2. For the single-sided windward building, the overhang was found to significantly increase the ventilation rate. We investigated the effect of L/D on the ventilation rate for different wind conditions. Figure 5a indicates that the ventilation rate significantly increased with L/D for single-sided ventilation with an opening on the windward building, regardless of the reference wind speed. However, as shown in Figure 5b ,c, the ventilation rate was not very sensitive to L/D for a given reference wind speed. In particular, the overhang slightly decreased the ventilation rates in the leeward direction except when L/D = 0.8. The ventilation rate increased in proportion to the reference wind speed regardless of the direction of the opening relative to the wind. For a single-sided ventilation building, Warren and Parkins [29] proposed the following correlation between the average ventilation rate Q and volume flow rate AU R based on a reference wind speed: Figure 6 compares the ventilation rate with the correlation in Equation (4). As expected, the ventilation rates for the cases without an overhang (L/D = 0) showed good agreement with the correlation-based ventilation rates, which indicates that the ventilation rate is proportional to U R . However, the ventilation rates for the cases of the leeward or side buildings were generally lower than the estimated rates from the correlation, while the rates for the cases of the windward building were higher than the estimated rates. The discrepancy in ventilation rates between the CFD results and estimates from the correlation increased with U R or the overhang. This implies that the correlation in Equation (4) may not provide a reasonable estimation of the ventilation rate for a building with an overhang, especially when the opening is in the windward direction. To clarify the effectiveness of the overhang on ventilation rates, we defined the dimensionless ventilation rate as Q * = Q/(AU R ). Note that Q * is expected to be 0.025 from the correlation in Equation (4) for a building without an overhang. Figure 7 shows a scatter plot of Q * as a function of L/D for all simulation cases along with linear regressions of Q * for each wind direction. The corresponding linear regressions were obtained as follows: These regressions confirmed that the effectiveness of the overhang is proportional to L/D regardless of the wind speed. A longer overhang installation can more significantly enhance the ventilation rate in the windward direction, while having an overhang induces adverse effects on the ventilation rates in the leeward and side directions.
Changes to Flow Fields due to Overhang
To observe the detailed effect of an overhang on the ventilation performance, we investigated flow patterns at several cross-sectional planes near the building for different flow configurations. Figure 8 shows the contours of the velocity magnitude U along with streamlines and the velocity components U d normal to the inside of the building for the windward building case at U R = 1 m/s. Streamlines were drawn by using the line integral convolution graphics processing technique [30] . Figure 8a shows that the air from outside the building is taken in through the upper region of the building entrance and expelled from inside the building through the lower region. However, the time-averaged flow fields indicate that the velocity magnitude near the entrance and inside the building was much smaller than that outside the building. Two counter-rotating vortex patterns at the entrance were observed on the vertical plane. This implies that the net airflow exchange rate was not significant. We also investigated the time-averaged flow fields for the single-sided building in the leeward and side directions at U R = 1 m/s. Figure 9a ,b show the contours of U along with streamlines and U d for buildings without and with an overhang (L/D = 0.8), respectively, in the leeward direction. Because the building was against the incoming wind flow, a recirculation region formed near the entrance, as shown in the contour plots on the vertical plane (y d /H = 0). Consequently, low momentum flows developed near the entrance for both cases, where the velocity magnitude was less than 30% of the reference wind speed U R . For the building with the overhang, the recirculation region was slightly affected, and flows under the overhang lost their momentum. Thus, the overhang seemed to mitigate flow fluctuations near the entrance region, which led to slightly poor ventilation performance. Figure 9c,d show the contours for buildings without and with the overhang, respectively, in the side direction. The recirculation region in front of the entrance was clearly captured on the horizontal plane (z/H = 0.4) of Figure 9c . The momentum flux normal to the entrance region was greatly reduced due to the recirculation, which yielded to a barrier that reduced the net airflow exchange at the entrance. Figure 9d indicates that the overhang promoted the development of low momentum flows near the entrance. As a result, the ventilation rate for the building with the overhang was slightly reduced. Overall, the overhang for the building in the leeward and side directions widened the low-momentum flow region and reduced the ventilation performance compared to the building without an overhang. 
Effect of Overhang on Local Mean Age of Air
Because the ventilation rates for the open area are estimated based on the exchange flow rates between incoming and outgoing flows through the area, predicting air freshness at arbitrary points inside the building may not be useful. We used the LMA to measure the ventilation performance for the indoor air freshness [31] . The LMA is an indicator for the average time fresh air takes to reach an arbitrary point in the room from the entrance. We calculated the LMA based on the following model equation [31] :
where θ denotes the LMA, x j is the position vector, U j represents velocity components, and σ l and σ t are the laminar and turbulent Schmidt numbers, respectively. The subscript j indicates directions. Here, we assumed σ l = σ t = 0.9. Time-averaged flow fields were used in the calculation of the LMA. Figure 10 shows the contours of the LMA near the building including the interior region for nine different simulation cases. The distributions in each row indicate the LMA for different wind directions, while the distributions in each column indicate the LMA for different overhang lengths. Without the overhang, the LMA was slightly lower for the leeward building than for other buildings. For the windward building, a longer overhang apparently reduced the LMA throughout the interior, while the overhang for the side building did not change the LMA. Interestingly, the LMA greatly increased inside the leeward building with a longer overhang but was lower near the entrance region than for the case without the overhang. This implies that the overhang had an adverse influence on the actual ventilation performance of the leeward building. To assess the overall performance, we calculated the normalized volume-averaged LMA (θ * ) by averaging of the LMA of all points inside the building space and then normalizing it by U R /H. Figure 11 shows the normalized LMA as a function of L/D for different wind conditions. The normalized LMA showed a strong correlation with L/D for each building direction, similar to the dimensionless ventilation rate Q * in Figure 7 . As expected, an overhang for the windward building greatly reduced the LMA compared to the case without the overhang. The longest overhang reduced the LMA by a factor of 9. However, an overhang increased the LMA for the leeward building, while the LMA for the side building did not show sensitivity to the overhang. 
Conclusions
We performed numerical simulations of three-dimensional turbulent flows over a generic isolated building model with an overhang in order to investigate the effect of the overhang on the single-sided ventilation performance. Numerical results were obtained by solving the 3D URANS equations with the SST k − ω model. We carried out parametric studies to characterize the single-sided ventilation performance according to the overhang length, wind speed, and wind direction. The overhang was found to drastically increase the ventilation rate for the windward building, while the ventilation rates were slightly decreased for the leeward and side directions. Increasing the overhang (L/D ≤ 0.8) was found to enhance single-sided ventilation for the windward building. The ventilation rates increased in proportion to the reference wind speed for all building directions, as confirmed by the strong linear correlation between the dimensionless ventilation rates Q * and the overhang length L/D. The enhanced ventilation rate due to the overhang can be explained by the fact that the overhang disturbs the flow in front of the entrance and changes the flow structure by producing a vortex at the tip of the overhang. The vortex penetrates the interior of the building, which increases the single-sided ventilation rates in the windward direction. However, for a building without an overhang in the leeward and side directions, a recirculation region with low momentum develops in front of the entrance because of the building itself. For both cases, adding an overhang seems to affect the recirculating flows and mitigate turbulent fluctuations near the entrance region, which results in reduces the ventilation rate. We analyzed the LMA based on time-averaged flow fields. The results indicated that an overhang significantly reduces LMA for the windward building but increases LMA for the leeward building. The LMA of the side building is not sensitive to the overhang. In this study, the influence of the overhang was examined in the terms of the ventilation rates. Therefore, the time-dependent pressure coefficients C P and other unsteady characteristics depending on the overhang length, wind speed, and wind directions need to be investigated to better understand the influence of the overhang.
